The isolation and structure elucidation of malettinins A-C (1-3) along with the new malettinin E (4) are described. The compounds were produced by the fungus Cladosporium sp. strain KF501, which was isolated from the German Wadden Sea. The malettinins are built up of tropolone/dihydropyran ring structures linked to a furan ring. The structure elucidation of the isolated compounds was achieved by means of one-and two-dimensional NMR spectroscopy supported by mass and UV data. The relative configuration of 4 was determined on the basis of single-crystal X-ray diffraction analysis. 1-4 exhibited antibacterial and antifungal activities when profiled against Xanthomonas campestris and Trichophyton rubrum. The influence of the chemical structure of the furan ring and of configurational changes on biological activities was observed.
INTRODUCTION
Marine fungi harbor an untapped potential for the production of secondary metabolites which are valuable for humankind, owing to their manifold bioactivities. In comparison to terrestrial strains, information on marine fungi is still little. Hence, fungi isolated from marine habitats are promising study objects for the search of new bioactive natural products. In our ongoing search for new bioactive compounds a Cladosporium strain isolated from the Wadden Sea showed antibacterial and antifungal activities and was therefore investigated in detail with regard to its natural products. The genus Cladosporium represents one of the largest and most heterogeneous genera of the Hyphomycetes (Bensch et al., 2012) , showing ubiquitous occurrence. Species of the genus often have pathogenic or saprophytic lifestyles and are frequently found in air, soil, on foods, on plant materials or as endophytes (Stevens, 1974; Samson et al., 2000) . Occurring as airborne fungi, some species of Cladosporium are of clinical importance as they can cause allergies such as allergic asthma (Simon-Nobbe et al., 2008) . Concerning marine habitats, a minimum of three Cladosporium species were described from marine sources (Kirk and Clipson, 2013) . Cladosporium species have been shown to possess the ability to produce a variety of natural products, among them the melanins which are pigments giving the fungal colonies their typical dark colored appearance. Other natural products isolated from Cladosporium species are bioactive compounds such as the antifungal cladosporides (Hosoe et al., 2000 (Hosoe et al., , 2001 , the plant growth factors cotylenins (Sassa, 1971; Sassa et al., 1975) , calphostins which specifically inhibit the protein kinase C (Kobayashi et al., 1989) , and cladosporin exhibiting a broad activity spectrum including antifungal, antibacterial, insecticidal, phytotoxic and immunosuppressive properties (Scott et al., 1971; Anke et al., 1978; Grove and Pople, 1981; Springer et al., 1981; Fujimoto et al., 1999) .
The study presented here, led to the isolation of the new compound malettinin E (4) along with known malettinins A-C (1-3) from a marine Cladosporium strain (Figure 1) The known malettinins were originally identified from an unidentified fungal colonist of Hypoxylon sp. stromata (Angawi et al., 2003 (Angawi et al., , 2005 . It is the first time that their production is reported in a Cladosporium sp. The structure elucidation of 4 and antibacterial and antifungal activities of the malettinins are described.
MATERIALS AND METHODS

GENERAL EXPERIMENTAL PROCEDURES
Melting points were determined on an electrothermal melting point apparatus. Measurements of optical rotation were performed on a Perkin Elmer model 241 polarimeter. UV spectra were recorded on a Perkin Elmer Lambda 2 spectrophotometer. NMR spectra were measured on a Bruker AV 600 spectrometer (600 and 150 MHz for 1 H and 13 C NMR, respectively) and the residual solvent signals served as internal references (δ H 3.31 and δ C 49.0 for methanol-d 4 ). High-resolution mass spectra were obtained on a Bruker micrOTOF II spectrometer using ESI ion source in negative mode. Analytical HPLC-UV/MS was conducted on a VWR-Hitachi LaChrom Elite system (pump L-2130, diode array detector L-2450, autosampler L-2200 and column oven L-2300) with a Phenomenex Onxy Monolithic column (C18, 100 × 3.00 mm) applying a gradient of 0.1% formic acid in H 2 O (A) and 0.1% formic acid in acetonitrile (B): 0 min 5% B, 4 min 60% B, 6 min 100% B; flow 2 ml min −1 . Coupling of the HPLC system to a Bruker esquire4000 ESI-ion trap allowed mass detection. 
ISOLATION AND TAXONOMY OF PRODUCING ORGANISM
Strain KF501 was isolated from a water sample taken in the German Wadden Sea. DNA extraction, amplification of the internal transcribed spacer region (ITS) and sequencing were performed as described by Wiese et al. (2011) with slight modifications, centrifugation of the DNA at 8000 × g and 35 cycles of DNA amplification. The DNA sequence was deposited in GenBank under the accession number KF923800. Cryoconserved stock cultures of strain KF501 were kept at −100 • C using the Microbank system (Pro-Lab).
FERMENTATION AND COMPOUND ISOLATION
The fungal isolate was cultivated in the following media: casamino acids glucose medium (casein hydrolysate 0.25%, glucose × H 2 O 4%, MgSO 4 × 7H 2 O 0.01%, KH 2 PO 4 0.18%, pH 6.8) (Stevens, 1974) , Czapek medium (sucrose 3%, NaNO 3 0.3%, K 2 HPO 4 0.1%, KCl 0.05%, MgSO 4 × 7H 2 O 0.05%, FeSO 4 × 7H 2 O 0.001%, pH 6.2) (Samson et al., 2000) , modified malt extract medium (malt extract 3%, NaCl 1.5%, pH 5.5) (Samson et al., 2000) , potato-carrot medium (potatoes 40 g, carrots 40 g, each boiled in 1 l of H 2 O and filtered off, 250 ml of potato extract and 250 ml of carrot extract were filled up with 500 ml of distilled H 2 O) (Samson et al., 2000) , and modified Wickerham medium (malt extract 0.3%, yeast extract 0.3%, peptone from soymeal 0.5%, glucose × H 2 O 1%, NaCl 3%, agar 1.5%, pH 6.25) (Wickerham, 1951) .
For isolation of the malettinins, Cladosporium sp. KF501 was cultivated in 9.75 l of casamino acids glucose medium. The cultivation experiments were performed as surface cultures at 20 • C in the dark in 2-l Erlenmeyer flasks, each containing 750 ml medium. The cultures were inoculated with an agar slant (2.6 cm in diameter) of a 7 days old preculture which was grown on solid, modified Wickerham medium at room temperature in the dark. After 40 days of incubation, the mycelia of strain KF501 were harvested. For extraction, the mycelium of each flask was mixed with 150 ml of 96% EtOH, homogenized and filtered. As the obtained extract was very greasy, fats were frozen out at −20 • C yielding 1.2 g of extract.
The malettinins were purified from the mycelium extract by preparative HPLC. The separations were performed on a VWR LaPrep system (pump P110, UV detector P311 UV, fraction collector Labocol Vario-2000 from LABOMATIC, autosampler Smartline 3900 from Knauer) using a Phenomenex Gemini-NX column (10 μ C18, 100A, Axia, 100 × 50.00 mm). A gradient of 0.1% formic acid in H 2 O (A) and 0.1% formic acid in acetonitrile (B) (0.0 min 20% B, 17.5 min 40% B, 21.0 min 60% B; flow 100 ml min −1 ) was applied to yield 17.5 mg of 2 (t R 8.6-9.0 min), 6.1 mg of 3 (t R 9.2-9.6 min), 4.6 mg of 4 (t R 9.9-10.3 min) and 15.1 mg of 1 (t R 12.2-18.0 min).
X-RAY CRYSTAL STRUCTURE DETERMINATION
Single crystals of 4 suitable for X-ray data collection were obtained by recrystallization from a methanol solution. The data were measured using an Imaging Plate Diffraction System (IPDS-2) from STOE and CIE ( Table 1 ). All non-hydrogen atoms were refined anisotropically. The H atoms were positioned with idealized geometry (O-H H atoms allowed to rotate but not to tip) and refined isotropically with U iso (H) = 1.2·U eq (C) (1.5 for methyl and O-H H atoms) using a riding model. There are two crystallographically independent molecules in the asymmetric unit, which exhibit the same relative configuration. In one of these molecules the H atoms of one methyl group are disordered and were refined using a split model with two orientations rotated by 60 • . Because no strong anomalous scattering atoms are present, the absolute configuration cannot be determined. Therefore, Friedel opposites were merged in the refinement.
ANTIBACTERIAL AND ANTIFUNGAL ASSAYS
Antibacterial bioassays with the test strains Xanthomonas campestris and Staphylococcus epidermidis were performed as described by Silber et al. (2013) . Bacillus subtilis and Candida albicans were tested as described by Ohlendorf et al. (2012) . For antifungal assays using Trichophyton rubrum, cultivation was carried out in modified Sabouraud medium (peptone 1%, glucose 2%, pH 5.6). A spore solution containing 5 × 10 4 spores of T. rubrum per ml medium was prepared. 10 mM DMSO solutions of compounds were diluted with medium to achieve the desired test concentrations. For assaying, 200 μl of the spore solutions were mixed with 10.5 μl compound solutions in 96-well microtiter plates and incubated for 72 h at 28 • C in the dark. The cell growth of T. rubrum was evaluated by measuring the optical densities with a Tecan Infinite M200 plate reader. The resulting values were compared with a positive control (0.1 and 0.5 μM clotrimazole) and a negative control (no compound). IC 50 values were determined according to the inhibition of metabolic activity or cell growth in the presence of a compound as compared to the non-inhibited negative control.
RESULTS
ISOLATION AND IDENTIFICATION OF THE PRODUCING FUNGUS
Strain KF501 was isolated from water samples taken in the German Wadden Sea. The strain grew well in casamino acids glucose, Czapek and malt extract medium, slowly in potato-carrot medium and did not grow in liquid modified Wickerham medium. In general, the growth of strain KF501 was relatively slow by comparison with other fungal isolates. Macroscopic and microscopic morphological features, colony color and structure of conidiophores were characteristic of Cladosporium spp. (Samson et al., 2000) . This classification was corroborated by the comparison of the ITS DNA sequence of strain KF501 with sequences available at GenBank employing the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) . The search resulted in 100% similarity to Cladosporium cladosporioides, C. pseudocladosporioides, C. uredinicola, C. bruhnei and C. colombiae. Hence, strain KF501 could be identified as a member of the genus Cladosporium, but identification to the species level was not possible.
STRUCTURE ELUCIDATION
The new malettinin E (4) along with the known malettinins A-C (1-3) were obtained from the mycelia extracts of Cladosporium sp. strain KF501 grown in casamino acids glucose medium. The compounds were isolated by preparative reversed-phase HPLC. Known compounds 1-3 were readily identified by comparison of their spectroscopic ( 1 H NMR, UV and MS) data with literature values (Angawi et al., 2003 (Angawi et al., , 2005 .
Malettinin E (4) has the molecular formula of C 16 H 20 O 5 as determined by HRESIMS which requires seven degrees of unsaturation. The physico-chemical properties of 4 are summarized in Table 2 . The molecular formula of 4 being the same as for 2 and 3 suggested the compounds to be isomeric. In addition, the oneand two-dimensional NMR spectra of 4 ( 1 H, 13 C, DEPT, COSY, HSQC, and HMBC; see Table 3 and Supplementary Information) revealed the presence of considerable structural similarities with 2 and 3 (Angawi et al., 2005) . The 1 H and 13 C NMR data of 4 showed resonances for three methyl, two methylene and two aliphatic methine groups, one oxygenated methane, one ketalic carbon and one carbonyl group as well as signals for six aromatic carbons one of which appeared to be oxygenated. Thus, all structural groups and atoms present in 2 or 3 were also observed for 4.
Correlations of the aromatic protons in the HMBC NMR spectrum (Figure 2 ) established the same tropolone moiety for 4 as found in the known malettinins. In addition to the tropolone unit, 4 contained a dihydropyran ring identical to that of 2 and 3. The proton and carbon chemical shifts of the corresponding signals were in good agreement with those reported for 2 and 3, with the proton signals agreeing particularly well to the structure of 3. HMBC couplings from H 2 −7 to C-5, C-6, and C-15 gave evidence for the attachment of the dihydropyran ring to the tropolone moiety. The NMR data determined the remaining structural part of 4 to be a tetrahydrofuran ring connected to the dihydropyran unit via C-9 (Figure 2) . As a result, compound 4 was proven to have the same planar structure as described for 2 and 3. The vicinal J H7-H8 values of 4 (5.7 and 10.3) showed better correlations with those of 3 (5.9 and 13) than with those of 2 (6.2 and 3.8), suggesting a configuration like in 3 for the stereogenic center at C-9. However, the structures were not identical as considerable deviations in the chemical shifts of the proton and carbon signals of CH-12 (δ H 2.23, δ C 43.0) and CH-13 (δ H 3.96, δ C 86.0) in 4 were observed when compared to the reported shifts of the respective signals in 3 (δ H 2.5, δ C 34.7 and δ H 4.32, δ C 73.0, respectively) (Angawi et al., 2005) . Taken the NMR data together, it seemed most likely that 4 was a stereoisomer of malettinin C (3), differing in the configuration at C-12 and/or C-13. In order to determine the relative configuration of 4 conclusively, a single-crystal X-ray diffraction analysis was performed. It showed that the compound consisted of two crystallographically distinct molecules (4a and 4b) with identical relative configuration, exhibiting slight conformational differences between the molecules (Figure 3) . The X-ray crystal structure of 4 confirmed the assumptions made on the basis of the NMR data as it was found to be identical to 3 except for the configuration at C-13. Thus, 4 was identified to be the C-13 epimer of 3 as shown in 
BIOLOGICAL ACTIVITIES
Compounds 1-4 were tested for biological activities against a set of bacterial and fungal test strains. The malettinins were found to be bioactive against the plant pathogenic bacterium Xanthomonas campestris and the human pathogenic dermatophyte Trichophyton rubrum ( Table 4) . Compounds 2-4 showed inhibition of X. campestris, whereas 1 did not inhibit the bacterial test strain notably. The IC 50 values of 2-4 were in approximately the same concentration range (28.3-37.9 μM). With regard to T. rubrum, all tested malettinins 1-4 exhibited inhibitory activities. However, the strength of inhibition differed between the compounds with the new malettinin (4) and 1 showing highest activities (IC 50 of 30.7 and 33.1), while 2 was half as active (IC 50 of 60.6 μM) and 3 was even less active (IC 50 of 83.2 μM).
Beside the reported antifungal and antibacterial properties in Table 4 , malettinins B and C (2 and 3) showed weak inhibition (<80%) of Staphylococcus epidermidis, Bacillus subtilis and Candida albicans at a test concentration of 100 μM. At the same concentration malettinin E (4) exhibited weak inhibitory effects on the metabolic activity of S. epidermidis and C. albicans. Malettinin A did not show antibacterial effects, but also inhibited C. albicans (81% inhibition at 100 μM). As these activities were poor, IC 50 values were not determined.
DISCUSSION
For the first time malettinins A-C and E (1-4) were isolated from a fungus belonging to the genus Cladosporium. Originally, 1-3 were purified from an unidentified fungus which additionally produced a forth related metabolite, called malettinin D (Angawi et al., 2003 (Angawi et al., , 2005 . Malettinin D has not been detected in the culture extracts of Cladosporium sp. strain KF501, instead a new 13-epimer of 3, named malettinin E (4), was found to be produced. 1-4 are members of the family of tropolone fungal metabolites containing an α-tropolone substructure. Even though many derivatives possessing a partial structure of this tropolone type are described for plants, only few such compounds have been reported within the fungal kingdom. Representative structures of fungi are puberulic acid, puberulonic acid, stipitatic acid and related structures (Corbett et al., 1950; Iwatsuki et al., 2011) . More complex known compounds are epolone A or B, pycnidione, eupenifeldin or fusariocin C (Ito et al., 1981; Mayerl et al., 1993; Cai et al., 1998) , which structurally share the fused tropolone/dihydropyran ring structure with the malettinins. However, malettinins 1-4 are unique with regard to their linkage of the tropolone/dihydropyran ring to a furan. Malettinins A-C (1-3) were described as displaying weak inhibitory properties against C. albicans, B. subtilis and S. aureus employing disk diffusion assays (Angawi et al., 2003 (Angawi et al., , 2005 . In addition, 1 inhibited Aspergillus flavus and Fusarium verticillioides (Angawi et al., 2003) . Even though the activities against C. albicans, B. subtilis and antistaphylococcal activities against S. epidermidis were observed for 2 and 3 in this study as well, higher activities were found when profiled against the bacterium X. campestris and the fungus T. rubrum. X. campestris causes a variety of plant diseases, e.g., black rot in cabbage which is difficult to treat and therefore leads to high crop losses (Roohie and Umesha, 2012) . T. rubrum is responsible for clinical pictures like tinea pedis (athlete's foot) and likewise treatments are challenging, in part due to the toxicity in long-term treatments (Ramsey et al., 2013) . New bioactive compounds for better treatments in plant protection as well as in clinical aspects are hence highly desirable. Comparing activities though shows that the malettinins inhibit X. campestris with a 13-fold higher IC 50 than the antibiotic chloramphenicol used as positive control. Thus, their activities can be considered as moderate, only. The inhibition of the malettinins against T. rubrum is rather poor given that the IC 50 of the positive control clotrimazole is lower by a factor of greater than 170.
The activities regarding X. campestris showed that all stereoisomeric compounds (2-4) inhibited the test strain in comparable concentration ranges, while 1, possessing a very slightly varied furan ring, did not show inhibition. This observation suggests that the furan ring of the malettinins is critical for antibacterial properties against X. campestris. With regard to activities against T. rubrum, apparently configurational changes of the malettinins determine the strength of activity, since the distinct stereoisomers exhibited different IC 50 values.
